We describe the concept and the verification of a chemical ligation approach to the synthesis of proteins using peptide se-ents with no protecting groups and no activation of the C-tenal a-carboxyl group. This approach of three steps: (i) aldehyde introduction, in which a masked glycolaldehyde ester Is linked to the carboxyl terminus of an unprotected peptide by reverse protedlysis; (ii) ring formation, in which the umaked aldehyde reacts with the N-teinal a-amino group of the second unprotected peptide containing either a cysteine or a threonine residue to form a t ne or olidine ring at an acidic pH; and (iii) rearrangement in which O-acyl ester linkage is transferred to N-acyl amide linkage to form a peptide bond with a pseudoproline stuture at higher pH. The (4), and the semi-synthesis of proteins consisting of components from synthetic peptides with unusual amino acids and proteins obtained through recombinant technology.
rearrangement in which O-acyl ester linkage is transferred to N-acyl amide linkage to form a peptide bond with a pseudoproline stuture at higher pH. The feasibility of this scheme was verified by a model study on small compounds and its potential was demonstrated by the synthesis of a 50-residue epidermal growth factor-like peptide containing a preformed disulfide bond.
The chemical synthesis ofpeptides has been important for the understanding of protein structure-function relationships and the discovery of new therapeutic agents (1) . At present, stepwise solid-phase peptide synthesis (2) can efficiently prepare moderate-size peptides ofnearly 100 amino acids (3) . To extend beyond this range, a practical approach would be a chemical method that ligates unprotected peptide segments to form larger proteins. Such a method would exploit the efficiency of the stepwise synthesis. It would also allow the synthesis of more complex peptides and proteins, such as those with branched structure (4) , and the semi-synthesis of proteins consisting of components from synthetic peptides with unusual amino acids and proteins obtained through recombinant technology.
The conventional segment-synthesis approaches (5) usually require a maximal protection strategy which has the limitations ofpoor solubility, low coupling efficiency, and the possible danger of racemization due to the overactivation of the carboxyl group. Considerable efforts have been made to overcome these limitations through the use of partial or minimal protecting-group strategies and improvements in the activation methods (6) (7) (8) (9) (10) (11) . However, these approaches do not overcome the problem of the poor coupling efficiency between large peptide segments, because of the intrinsic difficulty of obtaining effective molar concentrations for high molecular weight molecules. Alternative approaches to overcome the difficulty of forming amide bonds use hydrazone (12, 13) or thioether and thioester (14) as surrogate bonds. The advantage of these peptide-bond replacement approaches resides in the high and specific reactivity between the two functional groups not found in amino acids to make the conjugation efficient. The disadvantage is that these linkages are substantially different from the peptide bond, which may lead to conformational distortion, and are usually not stable at either acidic (12) or basic (14) pH.
We have now designed and developed a chemical ligation method by which two unprotected peptide segments can be ligated together through an amide bond. In our design, we make use of a highly regiospecific and efficient reaction to link covalently two unprotected peptides. The selectivity of this reaction would also obviate the need for any protecting groups. A peptide bond is then formed in a second step through an intramolecular rearrangement between the two closely neighboring carboxyl and amino groups. The efficiency of the first reaction would solve the slow kinetic problem for reactions between large molecules, and the second reaction, designed as a spontaneous process to form amide bonds without activating the carboxyl group, would overcome the racemization problem of the conventional segment condensation method. 3 ) were synthesized by the solid-phase method (2) . RIb was prepared with N-hydroxypropionyl-4-methylbenzhydrylamine (MBHA) resin (1% divinylbenzene crosslink) and Ilf was prepared with the conventional Pam resin (16) . Both peptides were prepared by standard t-butoxycarbonyl (Boc)/ benzyl (Bzl) chemistry with benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) as coupling reagent (17) and in situ neutralization (18) . Side-chain protecting groups were Arg(Tos), Asp(OBzl), Cys(4-MeBzl), Glu(OBzl), His(Dnp), Lys(2-CIZ), Ser(Bzl), Thr(Bzl), and Tyr(2-BrZ) (Tos, tosyl; Dnp, 2,4-dinitrophenyl). Cys-10 in Rie was protected by an acetamidomethyl group. Naacetylation for Rlb was performed with acetic anhydride in CH2CI2/DMF, 1:1, containing 5% N,N-diisopropylethylamine (DIEA) for 15 min. The Dnp groups on His residues were removed by treatment (3 x 8 hr) with 10% thiophenol in DMF containing 5% DIEA. Final deprotection of side chains and cleavage from resin were achieved by treatment of 0.5 g of dried protected peptide resin (Na deprotected for peptide Re) with 0.75 ml of cresol/0.25 ml of thiocresol and 10 ml of anhydrous HF at 0°C for 75 min. HF was removed by evaporation at 0°C. After washing with cold anhydrous ether, the crude peptide was extracted with 25% CH3CN in H20 (1% TFA). Oxidation of RIb for disulfide formation was performed directly on the extraction solution from HF cleavage with 10% dimethyl sulfoxide (DMSO) (19) (Fig. 1) . In this way, the C-terminal a-carboxyl function of the first peptide (the Na component) and the N-terminal a-amino function of the second peptide (the Ca component) are brought very close together to achieve a high effective molarity (20) . The (Fig. 2) .
EXPERIMENTAL PROCEDURES
The reaction of carbonyl compounds with Cys has been extensively studied (22, 23 (24, 25) and is a dominating side reaction formed through an intramolecular 0-to-N acyl transfer reamc (26) in the acidic deprotection step of peptide synthesis tion ( Fig. 1) . We chose the a-acyloxyacetaldehyde system, during which the acyl moiety of the peptide migrates from the which is a glycolaldehyde ester. In this ester aldehyde sysa-amine to the free hydroxyl group on the side chain of a Ser tem, the acyl carbonyl and the ring nitrogen are separated by or Thr residue. The transfer reaction is reversible upon base three atoms to facilitate a five-member ring transition state.
treatment, involving a five-member oxazolidine-like ring The objectives of this work are relatively similar to the intermediate (24) . We proposed a similar rearrangement elegant chemical scheme proposed by Kemp and coworkers involving a 3,3,0 fused ring intermediate (Fig. 2) . We under- (21) (Fig. 2) a-carboxyl group of Cys in He participates in the hydrolysis through reaction between its Cs+ salt (Ha) and bromoacetofthe ester bond. At higher pH (e.g., pH 9), >60% hydrolysis aldehyde dimethyl acetal in DMF (15) to give the acetal product was found. In fact, the optimal pH for the rearrange-Z-Ala-OCH2CH(OCH3)2 (Hb). Acetal the optimal pH found for the rearrangement was 5 and the tlq2
was -1 day (unpublished results). Both the condensation products and the rearranged products gave a mixture of two diastereoisomers due to the creation of a new asymmetric carbon at position 2 of the Thz ring. These diastereoisomers are separable by HPLC. The difference between the ester (before rearrangement) and amide (after rearrangement) forms was distinguished analytically (HPLC), spectrometrically (NMR), and chemically. In 1H NMR studies, the prominent changes were the disappearance of the proton signals of the secondary amine protons in the Thz ring and an upfield shift of two protons on the methylene carbon linked to the oxycarbonyl which, after rearrangement, became a hydroxyl group. The ester form was susceptible to alkaline hydrolysis under saponification conditions, whereas the amide form was stable. Indeed, treatment ofthe ester product iUd-i with 0.1-1 M NaOH gave Z-Ala-OH as the hydrolyzed product along with the rearrangement product within 10 min, whereas the amide form lie-was stable under the same conditions.
The rearrangement product now resembles a Z-Ala-Pro structure with a thioether linkage as the isoelectronic replacement of the methylene carbon at position 4 and a hydroxymethyl substitution on position 5 of the Pro ring. Such modification will probably not change the backbone conformation of a Pro-containing peptide chain. Thus, this pseudo Xaa-Pro bond (27) can generally be viewed as a substituent for any of the Xaa-Pro bonds present in protein sequences and further enlarges the scope of application of our strategy. Of course, it would be also desirable ifthe HMThz derivative could be converted to a natural Cys residue. Although the cleavage of the Thz ring poses little problem and can be accomplished with assistance of an electrophile or heavy metal ion, the removal of the N-substituted glyceryl moiety requires drastic conditions such as base or strong acid.
Aldehyde Ester Introduction onto the Carboxyl Component. To be widely applicable, our scheme must resolve the first step of aldehyde introduction whereby the glycolaldehyde ester has to be introduced to the unprotected peptide segment. With synthetic peptides, this should not pose a problem, because new resins have been developed to give such a linker functional group containing a glycoaldehyde ester on the C" moiety. For proteins derived from recombinant DNA or natural sources, an initiation step is needed. Because we are trying to develop a chemistry that is generally applicable to protein segment synthesis using unprotected peptide fragments from all sources, we have designed a derivatization scheme as illustrated in the synthesis of a 50-residue epidermal growth factor-like peptide (Fig. 3) . The key to our design is the introduction of the masked aldehyde function onto the C terminus of the first component by enzymatic synthesis (28) (29) (30) . Kinetically controlled aminolysis (31) of a peptide ester by enzymes in the presence of a water-miscible organic solvent can be smoothly and efficiently accomplished if a high concentration of the amino component is used (32) . The C"-component peptide ester was synthesized by the solidphase method (2) using a newly developed resin from our laboratory (see ma in Fig. 3 (Fig. 4) inevitably have to be protected in the conventional segment coupling approach. The N-terminal a-amine of the first peptide does not necessarily need to be protected either, as we found in other examples. The three steps-acetal deprotection, ring formation, and acyl transfer-could be conducted in the same reaction vessel, requiring only pH changes in aqueous solution and not needing any intermediate purification steps. This has tremendously simplified the experimental procedure.
Our scheme for the segment ligation strategy described above can be generalized for the condensation between large, unprotected peptides or proteins. In general, this scheme can be divided into three steps: (i) aldehyde introduction, to incorporate a masked aldehyde ester function at the C terminus ofa peptide through enzymatic or chemical coupling procedures; (ii) deprotection and ring formation, to release the masked aldehyde to react with a 3-functionalized a-amino group at the N-terminus of a second peptide; and (iii) rearrangement, to form an amide bond between the two components. Due to the versatility of the enzymatic coupling used for the first step, the building blocks in this strategy are not limited to purified synthetic, disulfide-formed, and folded peptides. They can also be natural proteins. The clean, one-vessel reactions in aqueous solution provide ease of manipulation and simplification. Our method provides a useful example for the application of basic organic reactions in the synthesis of macromolecules.
